Context. Gamma-ray bursts (GRBs) can provide information about star formation at high redshifts. Even in the absence of a bright optical/nearinfrared/radio afterglow, the high detection rate of X-ray afterglows by Swift/XRT and its localization precision of 2-3 arcsec facilitates the identification and the study of GRB host galaxies. Aims. We focus on the search for the host galaxies of 17 bursts with arcsec-sized XRT error circles but no detected long-wavelength afterglow, in spite of their deep and rapid follow-up observations. Three of these events can also be classified as truly dark bursts, i.e., the observed upper limit on the optical flux of the afterglow was less than expected based on the measured X-ray flux. Our goals are to identify the GRB host galaxy candidates and characterize their phenomenological parameters. Methods. Our study is based on deep R C and K s -band observations performed with FORS1, FORS2, VIMOS, ISAAC, and HAWK-I at the ESO/VLT, partly supported by observations with the seven-channel imager GROND at the 2.2-m telescope on La Silla, and supplemented by observations with NEWFIRM at the 4-m telescope on Kitt Peak. To be conservative, we searched for host galaxy candidates within an area of twice the radius of each associated 90% c.l. Swift/XRT error circle. Results. For 15 of the 17 bursts, we find at least one galaxy within the searching area, and in the remaining two cases only a deep upper limit to R C and K s can be provided. In seven cases, we discover extremely red objects in the error circles, at least four of which might be dust-enshrouded galaxies. The most remarkable case is the host of GRB 080207 which has a color of (R C − K s ) AB ∼ 4.7 mag, and is one of the reddest galaxies ever associated with a GRB. As a by-product of our study we identify the optical afterglow of GRB 070517. Conclusions. Only a minority of optically dim afterglows are due to Lyman dropout ( 1/3). Extinction by dust in the host galaxies might explain all other events. Thereby, a seemingly non-negligible fraction of these hosts are globally dust-enshrouded, extremely red galaxies. This suggests that at least a fraction of GRB afterglows trace a subpopulation of massive starburst galaxies, which are markedly different from the main body of the GRB host galaxy population, namely the blue, subluminous, compact galaxies.
Introduction

Optical afterglows
By the end of 2010, about 900 gamma-ray bursts (GRBs) have been localized at the arcmin scale (see J. Greiner's www page 1 ), most of them (>80%) by the Swift satellite (Gehrels et al. 2004) . Nearly 600 events have a detected X-ray afterglow, and nearly 400 have been detected in the optical and near-infrared (NIR) bands, too. The observed brightness distribution of the optical afterglows is broad and time-dependent, spanning at least 14 magnitudes within the first hour after the burst, and at least 10 1 http://www.mpe.mpg.de/∼jcg/grbgen.html magnitudes at around 1 day, after correction for Galactic extinction (Kann et al. 2010 (Kann et al. , 2011 .
In principle, the observed brightness distribution reflects the luminosity distribution of the afterglows (an intrinsic property), but it is affected by physical processes that can block the optical light on its way to the observer (external processes). The latter consists of two possible mechanisms, extinction by dust in the GRB host galaxies (GRBHs) represented by the parameter A host V , and cosmological Lyman absorption owing to the high redshift of the objects. If an afterglow is still detected in the optical/NIR bands, these two processes can be recognized if a redshift (z) can be measured and a broad-band spectral energy distribution (SED) of an afterglow constructed. The analysis of optically detected afterglows shows that (in the R band) Lyman absorption is rather the exception than the rule; only a small fraction of bursts lie at z 5 (cf. Haislip et al. 2006; Kawai et al. 2006; Tagliaferri et al. 2005; Greiner et al. 2009; Tanvir et al. 2009; Salvaterra et al. 2009 ; Pérez-Ramírez et al. 2010; Cucchiara et al. 2011 ). In addition, it is found that while extinction by dust in GRBHs along the lines of sight is usually rather small, a long tail of pos-sible extinction values is apparent in the data (cf. Kann et al. 2010; Greiner et al. 2011; Krühler et al. 2011) , implying that at least some optical afterglows are extinguished by dust in their host galaxies.
Even if no spectrum of the afterglow can be obtained, a precise optical localization usually means that a search for an underlying host galaxy can be undertaken and, if successful, its redshift can be measured even years after the corresponding burst. The host extinction along the line of sight can then be measured if a broad-band SED of the afterglow can be constructed. In principle, the influence of Lyman dropout and host extinction on the observed SED can be then distinguished from each other (e.g., Rossi et al. 2008a Rossi et al. , 2011 . However, the precise interplay between intrinsic luminosity, redshift, and host extinction cannot be determined in an easy way if no optical/NIR afterglow is detected at all.
Bursts with optically undetected afterglows
The reason why a non-negligible fraction of bursts have no optically detected afterglow despite a rapid localization in X-rays on the arcsec scale has been unclear for many years. While many of these non-detections are simply due to the lack of rapid and deep optical follow-up observations, some events (after correction for Galactic extinction) are truly optically dark (e.g., Fynbo et al. 2001; De Pasquale et al. 2003; Castro-Tirado et al. 2007; Rol et al. 2007; Hashimoto et al. 2010; Holland et al. 2010) .
Theoretically, the shape of the SED of an afterglow is welldefined and the flux expected in the optical bands is determined by the observed X-ray flux. A comparison with observed optical upper limits can then tell us whether the observations did not go deep enough or if an additional dimming of the afterglow light is required (Rol et al. 2005; Jakobsson et al. 2004; van der Horst et al. 2009 ). Once the real dark nature of a GRB is established, the question is which of the aforementioned three physical mechanisms led to the non-detection in the optical bands. To tackle this problem, one can try to identify the most likely GRB host candidate within the corresponding X-ray error circle and study the corresponding galaxy population.
After a putative host has been identified, the observations can constrain not only the redshift but may also help to explain the optical dimness of the afterglow Several studies of individual events have already found that dust extinction in the corresponding GRBHs was the main reason for the optical dimness of some events (e.g., Piro et al. 2002; Gorosabel et al. 2003; Levan et al. 2006; Berger et al. 2007; Küpcü Yoldaş et al. 2010; Krühler et al. 2011 ). This conclusion then naturally leads to the question of whether extinction by cosmic dust can explain the entire ensemble of optically dark bursts or whether their high redshifts (seen as Lyman dropouts) is also an important factor. This question was finally answered when Greiner et al. (2011) , based on a homogeneous data set of multi-color follow-up observations of bursts, were able to show that extinction by dust in the GRBHs is the main reason for the optical dimness of most dark events. This was later confirmed by Melandri et al. (2012) in an independent analysis of a complete sample of bright Swift bursts.
The present work
Even though the dominant role of extinction in explaining optically dim/dark events has long been established, we still wish to identify and characterize the host galaxies of all bursts with no detected long-wavelength afterglow at all. Therefore, in the case of Swift bursts, host galaxies have to be identified in X-ray error circles with sizes on the order of some arcsec, which is still observationally challenging and usually requires the largest optical telescopes. A first study of this kind was published by Perley et al. (2009) , who reported on the results of an imaging campaign at Keck Observatory. In their analysis, they focused on a homogeneous sample of 29 Swift GRBs with rapid follow-up observations by the robotic Palomar 60 inch telescope ), among which seven were undetected by the P60 down to R=20-23 only 1 ks after the burst. They found that a significant fraction of the afterglows in their sample was affected by host extinction at moderate redshift and were able to constrain the fraction of high-z Swift events to at most 7% (at the 80% c.l.
2 ). In particular, on the basis of mainly optical observations they concluded that the hosts of dark bursts seem to be rather normal galaxies in terms of their colors, suggesting that the obscuring dust is rather local to the vicinity of the GRB progenitor or highly unevenly distributed within the host galaxy.
Here, we report on the results of a search for the potential hosts of 17 bursts with no detected optical/NIR afterglow. All bursts in our sample have an observed duration in the Swift/BAT ) energy window of T 90 > 2 s, i.e., they are classified as long GRBs (Kouveliotou et al. 1993 ). All events have optical upper limits well below the average brightness of detected long-GRB afterglows (Kann et al. 2010 ). Our goal is to identify the host-galaxy candidates and to study the galaxy population of these events in order to ascertain more clearly the cause of the optical dimness of the corresponding afterglows. In contrast to Perley et al. (2009) , we also make use of deep NIR observations in order to identify and characterize the GRB host galaxy population. This paper is organized as follows. In section 2, we describe the sample selection and the data-reduction procedures. In section 3, we provide a detailed overview of the objects found in the corresponding Swift/XRT (Gehrels et al. 2004; Burrows et al. 2005 ) error circles. Section 4 then compiles information about these objects and characterizes host-galaxy candidates and subsamples based on different selection criteria. Finally, a summary is given in section 5.
Throughout this work, we adopt the convention that the flux density of the afterglow can be described as F ν (t) ∝ t −α ν −β and we use a ΛCDM world model with Ω M = 0.27, Ω Λ = 0.73, and H 0 = 71 km/s/Mpc (Spergel et al. 2003) .
Target selection and observations
The GRB sample
In the years from 2005 to 2008, there were about 100 bursts at a declination ≤ 25 deg (i.e., fields easily observable from either ESO Paranal or La Silla) with detected X-ray afterglows but no detected optical afterglows 3 . From this sample, we selected 17 fields with the following properties: (1) the X-ray error circle radius is smaller than six arcsec, (2) rapid (within one day), deep, but unsuccessful follow-up observations performed by various optical telescopes, and (3) Galactic visual extinction along the line of sight of less than 1 mag. In addition, when we selected these targets (usually several months before they were observed) no corresponding studies had been reported in the literature 4 . (Butler 2007) . The XRT position for GRB 080915A, 081105, and 081204 are from Oates et al. (2008b) , Beardmore & Cummings (2008) , and Mangano et al. (2008a) , respectively. All other XRT data are from http://www.swift.ac.uk/xrt positions/index.php (Evans 2011a,b) . (2) The burst duration, T 90 , was mostly taken from http://heasarc.gsfc.nasa.gov/docs/swift/archive/grbtable/. For GRB 081105, the reference is Cummings et al. (2008) , for GRB 080727A it is McLean et al. (2008) , and for GRB 081204 it is Götz et al. (2008) . (3) All 17 bursts have upper limits to their optical afterglow magnitudes that lie at least 1.5 mag below the mean value of the afterglow brightness distribution (Fig. 1) . The observed GRB fields are summarized in Table 1 and further details of the corresponding world-wide observing campaigns are given in Appendix A.
Deep follow-up observations of 14 of these 17 X-ray error circles were performed with VLT/FORS1, FORS2, VIMOS, ISAAC, and HAWK-I 5 in the years 2008 to 2010, months to years after the corresponding burst (Table A.4) . Limiting 3σ AB magnitudes were typically R C =26.5 and K s =23.5. In the case of GRBs 050717, 060211A, and 060805A, multi-band imaging was performed using GROND on La Silla and, in the case of GRBs 050922B and 060211A, data were obtained using the near-infrared imager NEWFIRM mounted at the 4-m Mayall telescope at Kitt Peak National Observatory (Autry et al. 2003) . In the case of GRB 081204, a late J-band observation was executed using NTT/SOFI on La Silla (Moorwood et al. 1998b ).
Optical/NIR data analysis
VLT, GROND, and NEWFIRM data were reduced using IRAF tasks 6 and analyzed by performing point-spread function (PSF) and aperture photometry using DAOPHOT and APPHOT (Tody 1993) . The procedure is mainly based on the pipeline written to reduce GROND data Krühler et al. 2008 ).
Aperture photometry, if not otherwise specified, was performed by using an aperture diameter of twice the full width half maximum (FWHM) of the stellar PSF. The ISAAC, HAWK-I, and GROND NIR fields were calibrated using 2MASS field stars. The VLT optical data were calibrated using standard star fields limited to the Vega photometric system, while the calibration performed for the optical g ′ r ′ i ′ z ′ images of GROND employed SDSS stars (Table A.4) .
We used the following transformations between AB and Vega magnitudes: (1) for FORS1, FORS2, and VIMOS, R AB = R Vega + 0.23 mag ) and (2) for ISAAC, HAWK-I, and NEWFIRM K AB = K s,Vega + 1.86 mag . For GROND, the Vega-to-AB conversion is J AB = J Vega + 0.93 mag, H AB = H Vega + 1.39 mag, as well as K AB = K s,Vega + 1.80 mag, except for observations after an intervention on the instrument on March 2008, for which K AB = K s,Vega + 1.86 mag.
2.3. Adding X-ray data: which bursts are truly optically dark?
According to Jakobsson et al. (2004, hereafter J04) , a GRB with a detected X-ray afterglow is considered dark if the spectral slope between the optical and the X-ray regimes obey the relation β OX < 0.5, while according to van der Horst et al. (2009, hereafter V09) a burst is optically dark if β OX < β X − 0.5 (see also Rol et al. 2005) . Both definitions are suited to identify additional dimming of the optical flux relative to the observed X-ray flux, assuming standard afterglow theory (e.g., Sari et al. 1998) .
To determine β X and β OX , we used the data from the Swift/XRT GRB light curve and spectrum repository (Evans et al. 2007 (Evans et al. , 2009 ). Optical upper limits and X-ray data were typically not obtained at the same time. We therefore fit the X- Kann et al. (2010 Kann et al. ( , 2011 ; some extraordinary bright events are indicated. All data have been corrected for Galactic extinction. Triangles indicate equivalent R C -band upper limits of the afterglows in our sample (Table 2 ). The blue dashed/dotted line approximately indicates the mean of the afterglow brightness distribution. The red straight line, 1.5 mag below the blue line, indicates the border line of all targets in our study. Fig. 2 : Application of the J04 criterion: Observed upper limits in the R C band relative to the measured flux density at 1.73 keV (the logarithmic mean of the Swift/XRT window, 0.3 − 10 keV) for the 17 bursts in our sample. When no R C -band data were available, we used the observed spectral slope β OX to shift the flux density from the native filter to the R band ( Table 2 ). The bursts falling in the gray area fulfil the J04 criterion. The three bursts that can be assumed to be securely classified dark bursts according to J04 as well as V09 (see Fig. 3 ) are marked with a filled black triangle (see Sect. 2.3). Fig. 3 : Application of the V09 criterion: Deduced upper limits to the spectral slope β OX relative to the measured spectral slope of the afterglow in the X-ray band. We use the same symbols as used in Fig. 2 . The bursts falling in the gray area fulfill the V09 criterion. Here β OX = 0.5 is highlighted in order to compare with the J04 criterion.
ray light curves in order to interpolate the X-ray flux that was contemporaneous with the corresponding optical/NIR upper limits. Thereby, no calibration issues occurred for the optical upper limits for the afterglows of GRBs 070429A, 070517, 080207, 080218B, 080727A, 080915A, 081012, 081105, and 081204, since here the calibration was performed based on our data sets. In the other cases, optical upper limits were taken from GCN circulars and, therefore, can be affected by systematic errors (e.g., Rossi et al. 2011) . Assuming a conservative systematic error of 0.5 mag, this would translate into a ∼ 0.07 systematic error in the upper limit of β OX and an error of 0.5 mag in the extrapolated R C -band upper limit. Fortunately, in no case did this uncertainty affect our potential classification of a burst as dark.
For the optical/NIR bands, we proceeded as follows. To compare the different bursts, we shifted upper limits to a common band, the R C band. This required us to know the spectral slope β OX , and a conservative upper limit on it was obtained by taking into account all afterglow upper limits in time and filter. Thereby, if possible, we used only optical upper limits that were taken at times reasonably separated from the prompt GRB phase. Special care was taken when the deepest afterglow upper limits had only been obtained in bands shortwards of R C . We then chose to use the reddest filter, since the blue part of the spectrum is more affected by both Lyman dropout and uncertainties in extinction than the red part. Among all computed values, we finally chose those that implied the lowest β OX values. The resulting R C -band upper limits are shown in Fig. 1 and they were used to depict the J04 criterion in Fig. 2 .
For the X-rays, we used the flux density at 1.73 keV (corrected for Galactic absorption), which is the logarithmic mean of the Swift/XRT window (0.3 − 10 keV). Where the X-ray data are concerned, we gave priority to time intervals where the light curves were smoothly decaying (which differ from burst to burst) and during which β X was constant (within the errors). Table 2 summarizes our results where ∆ = β X − β OX − 0.5. To be conservative, we used its minimum value ∆ min , based on the 90% c.l. error of β X . If ∆ min > 0, a burst is classified as dark according to V09. Five events, namely GRBs 050922B, 070429A, 080207, 080218B, and 080602, are dark according to both def-initions, while GRB 050717 is dark according only to J04 and GRBs 080915A and 081204 are only dark according to V09 (Figs. 2, 3 ). Following the above discussion, we assume that a GRB is dark if it fulfills the criterion of J04 as well as V09.
We note that when the optical upper limits were obtained some shortcomings might have limited the validity of this approach: (1) an X-ray light curve that is rather flat might be indicative of an additional X-ray component, while the aforementioned procedure assumes a single radiation component (this affects GRB 080602), (2) a substantial time gap in the X-ray data base (GRB 050922B), (3) an evolving X-ray spectral slope (GRB 050717), and (4) a large error (> 1) in the X-ray spectral slope (GRB 080915A, GRB 081105, and 081204). Taking all this into account, only three events in our sample can be securely classified as dark bursts (GRB 070429A, GRB 080207, and GRB 080218B). All other bursts, except for GRB 070517, may still be truly dark bursts but the available data are insufficient to claim this with certainty.
Results
General
In the following, we report the results of our deep late-time observations for each GRB field. They are summarized in Tables 3,  4 , and 5.
If not stated otherwise, in the following R C , K s -band magnitudes, and colors are given in the AB magnitude system, in order to allow for a direct comparison with data of confirmed GRB host galaxies compiled by Savaglio et al. (2009;  in the following SBG09), i.e., host galaxies that are identified via optical afterglow detections obtained with sub-arcsec accuracy. All (R C − K s ) colors were corrected for Galactic extinction, estimated using the extinction maps published by Schlegel et al. (1998) . Extinction corrections for the GROND filters are (Rieke & Lebofsky 1985) . We always set A V = 3.1 E(B − V).
Selecting host galaxy candidates
Even in the case of arcsec-sized error boxes, it is usually difficult to determine the most likely GRB host galaxy candidate. The approach we used here to identify a putative host is identical to the approach adopted 15 years ago, when no afterglows were known at all and at best only arcmin-sized error boxes obtained via satellite triangulation were available (e.g., Vrba et al. 1995; Klose et al. 1996; Schaefer et al. 1998; Vrba et al. 1999) . The main observational difference is the size of the XRT error circles provided by Swift/XRT that can go down to 1-2 arcsec, allowing meaningful searches for host galaxies.
We analyzed all objects present in an XRT error circle and studied their properties following different criteria in order to establish the best GRB host candidate. The first criterion is the magnitude-probability criterion.
Following Bloom et al. (2002) and Perley et al. (2009) , we calculated, for every object, the probability p of finding a galaxy of any type of the given (extinction-corrected) R C -band magnitude m in a region of radius r, where r is the radius of the associated error circle. It is
where σ(≤ m) is the surface density of galaxies with magnitudes ≤ m (equation 3 in Bloom et al. 2002) . If the object we have found is located within the 90% c.l. XRT error circle of radius r 0 , we set r = r 0 , if it is placed within [(n − 1) r 0 , n r 0 ], then we set r = n r 0 . The input for σ(≤ m) is the relation derived by Hogg et al. (1997) , which is based on galaxy counts down to about R Vega = 26.5. We consider galaxies of all types as very likely GRB host galaxy candidates if the chance probability p of finding such an object of the given R C -band magnitude in the corresponding error circle is ≤10% (within 1σ).
Other criteria rely on the phenomenological appearance of the galaxies, particularly their color. Spiral galaxies can have a (R − K) AB color as red as about 3.5 mag before the Lyman dropout at high z comes into play (SBG09; their figure 3). Galaxies with a redder (R − K) AB color are therefore of special interest, since they can be either dust-enshrouded or Lymandropped-out galaxies. These galaxies are usually called extremely red objects (EROs) and were first addressed in the context of deep NIR surveys (Elston et al. 1988) . Number counts for these galaxies are now available (Gonzalez-Perez et al. 2009; Hempel et al. 2011; Kim et al. 2011 ) and will be used in the following. Finding an ERO galaxy in an XRT error circle can be considered as strong evidence that this object is related to the burst under consideration.
The ERO galaxy population follows a bimodal distribution and consists of both passively evolving ellipticals and dusty starforming galaxies in the redshift interval 1 z 2 (Doherty et al. 2005; Fontanot & Monaco 2010; Gonzalez-Perez et al. 2011) . The ratio of both populations is still a matter of debate (see Conselice et al. 2008; Gonzalez-Perez et al. 2009; Kong et al. 2009; Fontanot & Monaco 2010) . Since long GRBs tend to be hosted by star-forming galaxies, the ERO number counts provide a conservative upper limit to the probability of finding a star-forming ERO galaxy in a Swift/XRT error circle.
Finally, a close pair of galaxies inside an XRT error circle, i.e., a hint of interaction and thus triggered star-formation, is a good candidate to be the birthplace of a (long) GRB progenitor.
Notes for individual targets
We now report on the observations and results for each individual target. In several cases, we could make use of late-time as well as early-time GROND or VLT data. However, the comparison between different observing epochs did not reveal any fading afterglows, except for the case of GRB 070517, where a comparison with published Gemini-S data led to the identification of the afterglow.
GRB 050717
The burst occurred at relatively low Galactic latitude (b = 10
• ), and the field is relatively crowded with stars. The foreground Galactic reddening is moderate, E(B−V) = 0.24 mag, but the highest in our sample. The 90% c.l. XRT error circle has a radius of r 0 = 1.
′′ 5. We observed the field with GROND two years after the burst. Within 2r 0 , two objects (A and B) are visible in the combined (Fig. 4) . Object A (r ′ AB = 23.6) lies outside 1r 0 , appears fuzzy, and has a size of about 2.
′′ 1 × 3. ′′ 9. On the basis of its visual appearance, this is a faint galaxy. Its outer parts extend into the 90% c.l. error circle. The fainter object B (r ′ AB = 24.5) lies within 1r 0 close to the southern boundary of the error circle. Neither object is detected in g ′ and they are also not seen in the NIR bands (Table 4) . Given the non-detection in the NIR 
d
Notes. Columns: (3 to 5) Time after the burst and reported upper limits (UL) of the afterglow (observed magnitudes); r ′ -band magnitudes are given in the AB system, all others in the Vega/UVOT system. (6) Deduced UL in the R C band (AB system) after correcting for Galactic extinction and shifting from the native filter wavelength (column 5) to the R C band using the upper limit to β OX . (8) (K AB > 21.1), for both objects only an upper limit to (R − K) AB can be given ( < 2.1 mag and < 2.9 mag, respectively).
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Assuming that A and B are galaxies, the probability p of finding a galaxy of the given R C -band magnitude in a region of radius 2r 0 and 1r 0 is about 0.05 and 0.03, respectively. 8 We therefore consider both objects as equally likely GRB host galaxy candidates.
GRB 050922B This burst occurred at high Galactic latitude (b = −67
• ); the field is not crowded with stars. The foreground Galactic reddening is very small, at E(B − V) = 0.04 mag. The 90% XRT error circle has a radius of r 0 = 1.
′′ 7 (Fig. 5 ). The field was observed with NEWFIRM in the K s -band about three years after the burst. Additional data were obtained with FORS2 and ISAAC one year later. No object is found in any band, neither within the 90% c.l. XRT error circle nor within 2r 0 , down to deep 3σ upper limits of R AB > 26.5 and K AB > 22.8.
GRB 060211A
The field of GRB 060211A lies at relatively low Galactic latitude (b = −24
• ) but is not crowded with stars. The 7 Here and in the following, we make the simplifying assumption (r ′ − K) AB = (R C − K) AB and write (R − K) AB when we provide (extinction-corrected) colors based on GROND data. 8 Here and in the following, we set R C (Vega) = r ′ (Vega) when calculating p-values based on Eq. 1. Notes. Column: (2) GRB 050717, GRB 060211A, and GRB 060805A are the only bursts in our sample for which we do not have VLT data (see Table 4 ). (3) Objects identified in the XRT error circles (see Sect. 3.3) . (5) Observed magnitudes. UL stands for the 3σ upper limit. The last column defines the distance of the object from the center of the 90% XRT error circle of radius r 0 (see Table 1 ). A value n means that the source lies within [(n − 1) r 0 , n r 0 ]. Special notes about the photometry: All magnitudes are based on (2× FWHM) aperture photometry, except for cases where the object was affected by near-by objects. In the latter case, we used either (a) PSF photometry or (b) 1× FWHM aperture photometry. In particular, we gave preference to the latter in the case of elongated objects. ′′ 7), as well as a circle of radius 2r 0 .
We observed the field 1.5 and 3 years after the burst with GROND and NEWFIRM (J and K), respectively. In the 90% c.l. error circle, we find one object (A) in the GROND r ′ band, which looks slightly extended in the north-south direction (1.
′′ 1 × 1. ′′ 2). The object is not visible in the other GROND bands.
Complementary NEWFIRM observations also did not detect this object down to J AB = 23.4 and K AB = 21.6 (Table 4) . Only an upper limit to the (R − K) AB color of object A can therefore be given (< 2.5 mag). In addition to A, an extended, fuzzy object (B) is detected with GROND in g ′ r ′ i ′ z ′ , and located about 4. ′′ 0 (3r 0 ) south-west of the center of the error circle (Fig. 6 ). This object is also seen in the NEWFIRM J-band image, where it appears resolved into two or three sources. In the r ′ band, its size is about 3.
The NEWFIRM J-band image reveals an other two very faint sources, C and D. Object C (J AB ∼ 23.1) is an extended object lying within the 90% c.l. error circle. This potential host galaxy is not seen in any other band. Object D (J AB ∼ 23.4) lies outside the 90% c.l. error circle and is too faint for us to draw any conclusion about its morphology and nature. The angular offset of D from the boundary of the 90% c.l. error circle is 0.
′′ 7. For a redshift of 0.5 or 1.0, this would correspond to a projected distance of 4.3 kpc and 5.6 kpc, respectively. Compared to the median projected angular offset of 1.3 kpc found by Bloom et al. (2002) for a sample of 20 host galaxies of long bursts, this is a high but still reasonable value for e.g. a Milky Way-like galaxy. In the case of object B, the angular offset is 2.
′′ 5, corresponding to a projected distance of 15 kpc and 20 kpc, respectively, which most likely excludes object B as a host galaxy candidate. Unfortunately, we cannot decide whether objects C and D are potential ERO galaxies. An ERO would have an (r ′ − J) AB color of at least 2 mag, but our detection limit is insufficiently deep to check this out. Assuming that A is a single galaxy, the probability p of finding a galaxy of the measured r ′ -band magnitude within the 90% c.l. error circle is about 0.03, while the corresponding value for object B is 0.08. We conclude that in this case we cannot decide the most likely host galaxy candidate among A, C, or D.
GRB 060805A
The field lies at relatively high Galactic latitude (b = 60
• ). It is not crowded with stars but located close to a bright star (R C = 13.5) at RA, Dec. (J2000) = 14:43:42.098, +12:35:20.63 (USNO-B1 catalog), which may affect the background estimation. The foreground Galactic reddening is small, E(B − V) = 0.02 mag, among the smallest in our sample. The corresponding 90% c.l. XRT error circle has r 0 = 1.
′′ 6. The field was observed with GROND two years after the burst. In the r ′ -band image, we detect two sources (A, B; Fig. 7 ) ′′ 7 × 1. ′′ 3, lies about 2. ′′ 0 away from the center of the XRT error circle but its outer regions extend into it. In contrast to object A, object B is also detected in the g ′ -band (∼ 23.4) with a (g ′ − r ′ ) AB color consistent with a flat SED in this wavelength region. This could imply that this galaxy is dominated by a young stellar population. Both objects are not detected in the GROND i ′ z ′ JHK s bands, where only deep upper limits could be derived (Table 4 ). The (R − K) AB colors of A and B are < 4.3 mag and < 2.5 mag, respectively.
Assuming that A and B are galaxies, the probability p of finding a galaxy of the measured R C -band magnitude within 1r 0 and 2r 0 , respectively, is about 0.09 for object A and 0.09 for object B. We consider both, A and B, to be GRB host galaxy candidates. The same conclusion was drawn by Perley et al. (2009) , who observed this field in g ′ and R C using the Keck telescopes.
GRB 060919
The field of this burst lies at low Galactic latitude (b = −17 • ) but is not crowded with stars. The foreground Galactic reddening is small, E(B − V) = 0.07 mag, and the 90% c.l. XRT error circle is among the smallest in our sample (r 0 = 1.
′′ 7). The field was observed with FORS1 and ISAAC about two years after the burst in R C and K s , respectively. We find only a single R C -band source within the 90% c.l. error circle (object A; Fig. 8) , with R AB = 26.1. No other objects are visible even within 2r 0 . In the R C -band image, object A seems to be extended along the east-west direction (1.
′′ 5 × 1. ′′ 4). It is undetected in the ISAAC image down to deep flux limits (K AB > 23.4). Its (R − K) AB color is thus < 2.6 mag, well within the range of the colors of the known GRB host galaxy population (SBG09). If this object is not the host, then we can provide upper limits for the GRB host galaxy of R AB > 26.5 and K AB > 23.4.
The probability of finding a galaxy of the measured R C -band magnitude in a region of radius 1r 0 is 0.15. Given that object A is the only object we detect within 2r 0 , we suggest that it is the potential GRB host galaxy. 
GRB 060923B
The field lies at relatively low Galactic latitude (b = 18
• ) and is relatively crowded with bright stars. The foreground Galactic reddening is moderate, at E(B − V) = 0.15 mag. The corresponding 90% c.l. XRT error circle has r 0 = 1.
′′ 8. We observed the field with FORS1 and ISAAC about 1.5 years after the burst. Our FORS1 R C -band as well as our ISAAC K s -band observations show two objects (E and C; Fig. 9 ) at the inner border of the 90% c.l. error circle, while three more objects (A, B, and D) lie within 2r 0 .
Objects A (R AB = 23.1) and E are very close to each other, making it difficult to get a reliable R-band photometry, especially for object E. Object B (R AB = 21.7) has a PSF that is point-like. In the deep K s -band image, object A shows an extended morphology (2.
′′ 2 × 2. ′′ 1). Object C (R AB = 24.5) has a point-like PSF but is probably too faint for detecting the faintest region of a galaxy. Object D appears slightly elongated in the optical and the NIR images, but it is too faint for us to make any conclusion about its morphology. Therefore, with high confidence only object A can be identified as a galaxy.
The probability p of finding a galaxy like A of the measured R-band magnitude within a region of radius 2r 0 is 0.06. Objects C and E have p-values of less than 9 0.1, but it is difficult to conclude anything about their nature. If E were a galaxy this would be extremely interesting, because of its position close to galaxy A, which is indicative of a possible interaction. On the other hand, object D (R AB =25.7) is an ERO with (R − K) AB ∼ 3.8 mag, while A and C have moderately blue colors of 1.1 mag and 1.3 mag, respectively.
Given the results mentioned above, we consider A, C, D, and E as host galaxy candidates.
GRB 061102
The field lies at moderate Galactic latitude (b = 28
• ). The foreground Galactic reddening is small, E(B − V) = 0.04 mag. The corresponding 90% c.l. XRT error circle has a radius of r 0 = 2.
′′ 9. We observed the field with FORS1 and ISAAC in R C and K s , respectively, about 1.5 years after the burst. The VLT im- 9 Assuming for E a conservative R=24.5±0.5 gives p = 0.05 ± 0.02 ages show no object within the 90% c.l. error circle down to R AB = 26.9 and K AB = 22.8. Two objects (A, B) are found within 2r 0 (Fig. 10) 10 . They are only detected in R C but not in K s . Both objects are clearly extended (2.
′′ 5 × 1. ′′ 5 and 1. ′′ 8 × 1. ′′ 9, respectively). Their (R − K) AB color ( 1.2 mag and 1.1 mag, respectively) matches the corresponding color of the GRB host galaxy population at a redshift of around z = 1 (SBG09). In both cases, the probability of finding a galaxy of the given R C -band magnitude inside a region of 2r 0 is 0.3.
Object A touches the 90% c.l. error circle, while the brightness center of object B lies 2.
′′ 0 away. However, B is surrounded by a faint, asymmetric halo structure, which extends down to 1r 0 . We speculate that this could be either a face-on spiral galaxy or the tidal tail of an interacting system. If B lies at a redshift of, say, z = 0.3 or 0.5, the projected offset of the afterglow from the cen- ter of this galaxy would be 9 kpc and 12 kpc, respectively. This is a very large offset. It might be smaller if the redshift were significantly lower, which would then point to a rather subluminous galaxy (see also Sect. 4.6 and Table A.2).
If none of these sources is were the host galaxy, then the measured deep R C and K s -band upper limits would make the host galaxy of GRB 061102 one of the faintest in our sample.
GRB 070429A
The field lies at moderate Galactic latitude (b = −26
• ). It is not crowded with stars. The foreground Galactic reddening is modest, at E(B − V) = 0.17 mag. The corresponding 90% c.l. XRT error circle has r 0 = 2. ′′ 1. We observed the field with FORS1 and ISAAC about one year after the burst. In the FORS1 R C -band image (Fig. 11) , we find one object (A) between 2r 0 and 3r 0 and two other sources within the 90% c.l. error circle (B,C), with R C -band magnitudes of 25.0 ± 0.2, 24.1 ± 0.1, and 24.3 ± 0.1, respectively. In the ISAAC K s -band images, another object (D) is marginally visible between 1r 0 and 2r 0 (K s = 23.0 ± 0.4; Fig. 11 ). All four objects are extended (between 1.
′′ 7 and 3. ′′ 8 in their major axis). Objects B and C may be an interacting pair because they have a fuzzy structure. The individual R C , K s magnitudes of objects A, B, and C (Table 3) and their (R − K) AB colors (Table 5) are compatible with the GRB host population at a redshift z < 2 (SBG09). Therefore, the observed colors of objects A, B, and C does not characterize any of them as very red. However, object D is very red ((R − K) AB > 3.2 mag). Even though D has a large 0.4 mag error in the K s -band photometry, we consider it as a potential ERO galaxy. Its center lies outside 1r 0 , but its outskirts reach into the 90% c.l. error circle.
The probability-magnitude criterion gives the following numbers for the first three galaxies (A-C): 0.54, 0.04, and 0.05, respectively. Given that B and C are located within the 90% c.l. error circle, have low p-values, and are probably an interacting galaxy system, we consider both galaxies as equally likely host galaxy candidates. In addition, D is also a host galaxy candidate given its very red color. ′′ 1) as well as a circle of radius 2r 0 . Object D is an ERO. It is not visible in the R C -band image, where it is indicated by a cross.
GRB 070517
This burst is unique in our sample, because we could identify its afterglow by comparing our late-time observations with the follow-up observations reported by Fox et al. (2007) .
We observed the field with FORS1 and ISAAC about one year after the burst. The field is at a relatively low Galactic latitude (b = −21
• ) but is not very crowded with stars. The foreground Galactic reddening is modest, E(B − V) = 0.15 mag. The corresponding 90% c.l. XRT error circle has r 0 = 2.
′′ 1 (Fig. 12 ). In the R C -band image, we detect only one object (A) within the 90% c. ter the burst (indicated by a cross in Fig. 12 ). We conclude that this was the GRB afterglow.
The coordinates of object A agree with the second object detected by Fox et al. (2007) at RA, Dec. (J2000) = 18:30:29.08, −62:17:53.0 with i ′ = 24.5. On the basis of our images, we conclude that A is a galaxy. Its angular size is 1.6 ′′ × 1.3 ′′ , which is about two times larger than the stellar FWHM. If it is the GRB host galaxy, then its (R − K) AB color of < 1.7 mag is compatible with the GRB host galaxy population at a redshift around z = 1 (SBG09). No underlying galaxy is found at the position of the optical afterglow down to R AB = 26.6 and K AB = 23.4.
The angular distance between the afterglow and object A is 1.
′′ 6 ± 0. ′′ 3. The probability p of finding a galaxy of the given R Cband magnitude in a circle with this radius is between 0.04 and 0.10. If A were the host galaxy of GRB 070517, then its angular distance would translate into a projected distance of 12.8 ± 2.4 kpc, assuming a redshift of z = 1. This is ten times larger than the median projected angular offset of 1.3 kpc found by Bloom et al. (2002) for a sample of 20 host galaxies of long bursts, suggesting that object A is not the host. On the other hand, if we require a projected angular distance of less than 10 kpc, then the upper limit on the redshift of this galaxy is z = 0.4. In this case, A would be a very faint galaxy relative to the sample of SBG09. Alternatively, the true host galaxy could coincide with the optical afterglow position but be fainter than our detection limits. We conclude that we are unable to identify a good host galaxy candidate for GRB 070517.
GRB 080207
The burst occurred at high Galactic latitude (b = 66
• ), in a field that is not crowded with stars. The Galactic reddening is very small, at E(B − V) = 0.02 mag. The 90% c.l. XRT error circle is the smallest of our sample (r 0 = 1. ′′ 4). We observed the field two years after the burst, with VLT/VIMOS in R C and ISAAC in K s . In addition, deep GROND imaging was performed at a mean time of ten hours after the burst, but no afterglow was detected (Table A. 3). Our deep VIMOS R C -band image shows one fuzzy object of dimensions 2.
′′ 4 × 1. ′′ 3 at the northeast boundary of the 90% c.l. error circle (A, Fig. 13 ). This object is very faint in the K s -band. In ad- ′′ 4), as well as a circle of radius 2r 0 . Object A is only visible in the VLT/VIMOS R C -band image. Also indicated by a cross is the position of the Chandra X-ray source. Object B is an ERO.
dition, the ISAAC image shows another, elongated source (B; 1.
′′ 6 × 0. ′′ 9) within the XRT error circle that has a very faint R Cband counterpart with R AB ∼ 26.5. On the GROND images we do not detect these sources in any band, only upper limits can be provided (Table 4) . Object B is very red, (R − K) AB ∼ 4.7 mag. Its color and morphology defines it as an ERO galaxy. Given its position within the 90% c.l. error circle, we consider B as the most likely GRB host candidate.
As this paper was being finalized, the Chandra source catalogue (Evans et al. 2010 ) became public. Inspection of the catalogue shows that a X-ray observation of the field was performed 8 days after the burst and a point source was detected (CXO J135002.9+073007) at coordinates RA, Dec. (J2000) = 13:50:02.97, 07:30:07.8 (±0.
′′ 6). The position of this source is within 1σ consistent with the position of object B. Therefore, we conclude that this is the host galaxy of GRB 080207. Hunt et al. (2011) derived a photometric redshift of about 2.2 for ′′ 6), as well as a circle of radius 2r 0 . Object A is an ERO. this galaxy, which was subsequently confirmed spectroscopically (z=2.086; Krühler et al. 2012) .
GRB 080218B
The field is at a relatively low Galactic latitude (b = 9
• ), the lowest of our sample. However, it is only moderately crowded with stars. The Galactic reddening along the line of sight is modest, at E(B − V) = 0.17 mag. The 90% c.l. XRT error circle has a radius of r 0 = 1. ′′ 6. We observed the field with FORS2 and ISAAC about one year after the burst. In addition, deep GROND imaging was performed at a mean time of about 0.75 h after the burst, but no afterglow was detected (Table A. 3). Our deep FORS2 R C -band image reveals one faint (R AB = 26.2), extended object (A) within the 90% c.l. error circle and another object (B; R AB = 24.6) inside 3r 0 . Both objects are also detected with ISAAC at magnitudes K AB = 21.7 and 22.7, respectively (Fig. 14) . Object A is too faint to be detected by GROND, while B is detected in g ′ r ′ z ′ (Table 4 ; it is not seen in i ′ owing to ghost images in the field).
In the FORS image, object A is elongated in the southwestnortheast direction (2.
′′ 5 × 1. ′′ 1). It could be a spiral galaxy seen nearly edge-on or a tight pair of galaxies. If it is a single galaxy, then its large (R − K) AB color (4.2 mag) defines it as an ERO galaxy. The probability of finding a galaxy of this R C -band magnitude within an area of radius 1r 0 on the sky is about 0.1. Given its extremely red color and its position inside the 90% c.l. error circle, we consider A as the most likely GRB host galaxy.
GRB 080602
The field is at high Galactic latitude (b = −71
• ), among the highest in our sample. The Galactic reddening is very small, at E(B − V) = 0.03 mag. The 90% c.l. XRT error circle has r 0 = 1.
′′ 7.
We retrieved VLT/FORS2 and ISAAC data obtained about one year after the burst from the ESO archive (program ID 081.A-0856; PI: P. Vreeswijk). In addition, deep GROND multicolor imaging was performed 1.5 years after the burst. In the FORS2 R C -band image, we find one object (A; R AB = 22.9) inside the 90% c.l. error circle. It is also detected in all GROND optical bands and also seen in the ISAAC K s -band image (K AB = 22.5), where it seems to split into two objects, with the second one (C) being 1.
′′ 3 north of A (Fig. 15) . Even though in the FORS image, object A looks extended in the northern direction, C has no direct optical counterpart: The angular distance between A and C on the ISAAC image is larger by about 0.
′′ 5 than the distance between the brightness center of A and its fainter northern blob on the FORS image. Therefore, we consider C as a separate object. Its (R − K) AB color (>4.3 mag) defines it as an ERO.
At the southern boundary of the 90% c.l. error circle lies another object (B; size 2.
′′ 0 × 1. ′′ 8), which is possibly another galaxy. In both R C and K s -band images, object A looks fuzzy and extended (2.
′′ 6 × 2. ′′ 0), while the nature of C is less obvious. Assuming that A (including its northern blob) is a single galaxy, a fit of its SED with Hyperz (Bolzonella et al. 2000) gives good solutions for both a spiral galaxy with no intrinsic extinction at a redshift of z = 1.40 Fig. 16 ). This twofold solution is due to the SED being fit equally well by a 2175Å absorption feature or a 4000Å Balmer jump in the z ′ -band. We caution, however, that while the first solution implies an absolute magnitude M B ∼ −23.0, in the case of the z ∼ 2.1 solution we obtain M B ∼ −24.0, which is very unlikely when compared to the luminosity function found in the Las Campanas redshift survey (Lin et al. 1996) . Therefore, we consider z = 1.4
+0.30
−0.15 as the most likely redshift estimation. Objects A and B have colors (R − K) AB = 0.3 mag and < 0.4 mag, respectively, which is well within the range of the observed colors for GRB host galaxies (SBG09). In the case of object A, the probability of finding a galaxy of the given R C -band magnitude inside a circular area of radius 1r 0 is 0.01, while for B the corresponding value is 0.13 (within 2r 0 ). However, the probability of finding an ERO (object C) within the same area is much smaller (see Sect. 4.8) . Therefore, we consider object C as well as its (possibly interacting) partner A as the most likely host galaxy candidates.
GRB 080727A
The field lies at moderate Galactic latitude (b = 42
• ) and is not crowded by stars. The Galactic reddening is very small, at E(B − V) = 0.07 mag. The 90% c.l. XRT error circle has r 0 = 1.
′′ 6. We observed the field with ISAAC about 1.5 years after the burst. The deep FORS1 R C -band image was taken from the ESO archive (program ID 081.A-0856; PI: P. Vreeswijk; FWHM of 0.
′′ 8). No GRB host galaxy is detected within 2r 0 , down to R AB = 26.3 and K AB = 23.0. This is the second case (besides GRB 050922B) in our sample where only deep upper limits can be provided for the GRB host galaxy within 2r 0 . A moderately bright, nearly edge-on galaxy (R AB = 23.4; size 4.
′′ 5 × 2. ′′ 0) lies 10 ′′ west of the center of the XRT error circle. This object lies too far away from the XRT error circle to be physically related to the GRB.
GRB 080915A
The field does not lies at low Galactic latitude (b = −41
• ), but it is relatively crowded with stars. The Galactic reddening is very small, at E(B − V) = 0.05 mag. The 90% c.l. XRT error circle is of median size (r 0 = 3.
′′ 7). (Tables 3 and 4) . From left to right: The field was observed in the K s -band with HAWK-I in target of opportunity mode starting 28 hours after the burst, lasting for 14 minutes. No candidate NIR afterglow was found within 2r 0 down to K AB = 23.4. The HAWK-I observations reveal two bright objects, one (A) within the 90% c.l. error circle and one (B) just outside 2r 0 with AB magnitudes K AB = 20.42±0.02 and 19.19 ± 0.01, respectively (Fig. 18 ). These objects were also detected with GROND in all bands during the same night (Table 4) . Additional R C -band data were obtained with FORS1 12 days after the burst (FWHM of 1.
′′ 4). The FORS image shows objects A (R AB = 21.63±0.01) and B (R AB = 21.28±0.01), but also reveals the presence of three additional objects: C (R AB = 24.71 ± 0.07) Fig. 18 : Deep VLT/FORS1 R C -band (top) and HAWKI K s -band image (bottom) of the XRT error circle of GRB 080915A taken 28 h after the burst. Also shown is the 90% c.l. XRT error circle (r 0 = 3. ′′ 7), as well as a circle of radius 2r 0 . In the K s -band image, object E is not visible and, therefore, is indicated by a cross. Note that all objects visible in the ISAAC image have a counterpart in the FORS1 image taken 11 days later. and E (R AB = 25.44 ± 0.15) within 1r 0 , as well as D (R AB = 24.57 ± 0.08) slightly outside 1r 0 .
In the FORS image, object A has a PSF that is compatible with a point source, while C and D appear fuzzy and could be galaxies. Object E is very faint, close to the detection limit. It is difficult to decide whether it is a galaxy. Object B, which is just outside 2r 0 , is a galaxy (5.
′′ 6 × 4. ′′ 5 in the FORS1 image) with a relatively large (g ′ − r ′ ) AB color of 2.1 mag. For objects C and D, the probability of finding a galaxy with the corresponding R C -band magnitude inside a circle of radius 1r 0 and 2r 0 on the sky is p = 0.23 and 0.61, respectively. For object E, the probability of finding a galaxy inside a circle of radius 1r 0 is 0.37. Given that C and D could be an interacting pair, which partly extends into the 90% c.l. error circle, we consider both as GRB host galaxy candidates. If object E is a galaxy, it is the only one well within 1r 0 , thus we also consider E as a host galaxy candidate.
GRB 081012
• ) and is not crowded with stars. The Galactic reddening is very small, at E(B − V) = 0.02 mag, among the lowest in our sample. The 90% c.l. XRT error circle has r 0 = 1. ′′ 8. We observed the field with VIMOS and ISAAC about one year after the burst. Our deep VIMOS R C -band image shows no source within the 90% c.l. error circle down to R AB =26.7. One object (A, Fig. 19 ) is detected between 1r 0 and 2r 0 . It has a cometary shape (1.
′′ 8 × 1. ′′ 5) and a magnitude of R AB = 25.16 ± 0.17. It is possible that this is an irregular galaxy or a galaxy with a Galactic foreground star superposed on its southern part. The object is not visible in our ISAAC image down to K AB = 23.9. This yields an upper limit of (R − K) AB < 1.2 mag, but given the potential foreground star, this color should be considered with caution. The field was also observed by GROND while searching for the afterglow at a mean time of 19.3 h after the burst. Neither object A nor any transient source were detected in any band Tables 4, A.3) .
Given the absence of any other source within the 90% c.l. error circle, object A (p = 0.3) is the only host galaxy candidate, even though it is a weak candidate: The angular offset of A from the boundary of the 90% c.l. error circle is 1.
′′ 0. For a redshift of z = 1 or 0.5, this would correspond to a projected distance of 8.0 kpc and 6.0 kpc, respectively. This is a relatively large value (Bloom et al. 2002) . If object A is not the host, then the GRB host galaxy is fainter than R AB = 26.7 and K AB = 23.9.
GRB 081105
The field is at a moderately high Galactic latitude (b = −58
• ) that is not very crowded by stars. The Galactic reddening is very small, at E(B − V) = 0.03 mag. The 90% c.l. XRT error circle has r 0 = 4. ′′ 8. We observed the field with VIMOS and ISAAC about one year after the burst. In spite of the relatively large size of the XRT error circle, in the deep VIMOS R C -band image we detect only two objects A and B, with AB magnitudes 23.73 ± 0.08 and 24.34 ± 0.13, respectively (Fig. 20) . Both objects are also visible in the deep ISAAC K s -band image, with AB magnitudes 22.78 ±0.18 and 22.13 ±0.14, respectively. In the ISAAC image, object A splits into two separate objects, with the second one (C; K AB = 21.74 ± 0.13) 1.
′′ 0 south of A. This object C is an ERO ((R − K) AB > 3.5 mag). In the K s -band image, objects A and C appear slightly extended, i.e., these might be (interacting) galaxies. In the case of B, we cannot determine whether it is a star or a galaxy.
The field was also observed by GROND while searching for the afterglow, starting about 13 h after the burst. No transient source was detected in any band; only deep upper limits could be obtained Table A.3) . None of the three objects (A,B,C) were detected (Table 4) .
The (R − K) AB colors of objects A and B (about 0.9 mag and 2.1 mag, respectively) match those of the sample of GRBHGs at a redshift of around z = 1 (SBG09). The probability of finding a galaxy with the R C -band magnitudes of objects A and B inside a field of radius 1r 0 is p = 0.19 and 0.29, respectively. The probability of finding an ERO like object C inside the same field is p ERO = 0.08. Therefore, we consider C as the most likely host galaxy candidate. We note that objects A and C could be a pair of galaxies.
GRB 081204
The field containing this object lies at moderate Galactic latitude (b = −53
• ) and is not very crowded with stars. The Galactic reddening is very small, E(B − V) = 0.03 mag. The 90% c.l. XRT error circle is the largest in our sample (r 0 = 5. ′′ 3).
We observed the field with VIMOS and ISAAC about one year after the burst. Further J-band imaging was performed with SOFI at the NTT nearly two years after the event. The field is rich in objects. Within the 90% c.l. error circle lie at least three galaxies (A, B, F; Fig. 21 ), which are all within 5.
′′ 0 of each other and could represent an interacting group. Objects A and B have similar magnitudes (R AB ∼ 23.2 and 23.5, respectively) and sizes. Object F (R AB ∼ 24.6) lies very close, northeast of object B. In the VIMOS image, it is much fainter than A and B, but in the ISAAC image it is distinctive because of its bright, point-like core (K AB = 21.5). Within the (not so small) photometric errors, it can be classified as an extremely red object. In addition, in the VIMOS image, about 0.
′′ 7 north of F, lies another faint, fuzzy object that is too faint for further analysis. More objects (C-E, G) are seen between 1r 0 and 2r 0 . The brightest one is a galaxy (C) of similar magnitude and size to objects A and B. Objects D and E (R AB = 24.2 and 24.3, respectively) have a rather blue color of (R−K) AB < 2.0 mag and < 0.0 mag, respectively. Object D is not elongated, E is only visible in the VIMOS image, while G is blended with a bright star. Given their faintness, it is difficult to establish their nature. In the ISAAC image, at least G seems to be surrounded by a faint halo, possibly indicating that this is a galaxy.
Deep follow-up observations of the field were also performed with GROND, while (unsuccessfully) searching for the afterglow about 10 h after the burst (Table A. 3; Updike et al. 2008a) . Objects A and B are detected in g ′ r ′ i ′ z ′ J, while C was only seen in r ′ i ′ J. Galaxy A is blue, its SED is essentially flat between R C and K s ((R − K) AB = 0.8 ± 0.2 mag), while B is redder ((R − K) AB = 1.8 ± 0.1 mag). Unfortunately, photometric redshift estimates are not very accurate for these galaxies.
The SED of object B shows a jump between the GROND-z ′ band and the SOFI-J band (J AB = 22.2). If this is the 4000Å Balmer break, then the redshift is 1.8 ± 0.3 (Fig. 22) . Such a feature is also seen in the SED of galaxy C. We find that Hyperz indeed finds solutions within the redshift interval 1 < z < 2 with different sets of extinction laws, galaxy templates, and host extinction values.
Given the connection between long GRBs and young stellar populations, it is interesting to discover an interacting group of galaxies within the 90% c.l. error circle. The magnitudeprobability criterion gives for objects A and B p = 0.16 and p = 0.19, respectively, which implies that one galaxy is not more likely than another. The probability of finding a galaxy with the red color of F within an area of radius 1r 0 is much smaller, however, at p ERO = 0.09. Therefore, we consider F, which is possibly interacting with B, as the most likely birthplace of GRB 081204. 
Discussion
Magnitude-probability candidates
In the following, we call magnitude-probability candidates those galaxies that satisfy p ≤ 0.1 (see eq. 1, Sect. 3.2). These are: GRB 050717, objects A and B; GRB 060211A, objects A and B; GRB 060805A, objects A and B; GRB 060923B, objects A and C; GRB 070429A, objects B and C; GRB 070517, object A; GRB 080207, object B; and GRB 080602, object A. We note that in the case of GRB 070429A two galaxies have p ≤ 0.1, and our VLT data reveal that they could constitute a tightly bound pair. We also note that the optical afterglow of GRB 070517 has been identified in the present study (Sect. 3.3) and in this case p gives the corresponding probability of finding the galaxy labeled A (Fig. 12) at the given angular distance from the afterglow position.
The other cases in our sample have p > 0.1, either because the detected galaxies are too faint, the XRT error circles are too big, or a mixture of both. In addition, if more than one galaxy is (Tables 3 and 4) . From left to right:
′ , SOFI J, GROND H, and ISAAC K s . The fit suggests that it is a spiral galaxy at a redshift of z = 1.8 ± 0.3 with a moderate intrinsic SMC extinction of A
found inside an XRT error circle, this criterion does not tend to select one candidate over the other, as the differences in the corresponding p-values are insufficiently large (e.g., GRB 050717 and GRB 061102; Table 5 ). This situation changes, however, if we consider number counts of extremely red objects.
Extremely red objects as candidates
Long bursts trace the birth places of the most massive stars (e.g., Fruchter et al. 2006) , which leads to the expectation that a certain percentage of hosts of long bursts are dust-enshrouded, starburst galaxies. Among them, the most extreme cases are classified as EROs. To date, only a small number of GRB hosts have been found that enter this category: GRB 020127 ), GRB 030115 Dullighan et al. 2004) , GRB 080207 (Hunt et al. 2011; Svensson et al. 2011) , as well as GRB 080325 (Hashimoto et al. 2010 ).
In our sample, seven objects fall (within their 1σ magnitude error) into this category (Table 5 ). These are: GRB 060923B, object D with (R − K) AB = 3.82 ± 0.13 mag; GRB 070429A, object D with (R − K) AB > 3.5 mag (within the 1σ error in K s ); GRB 080207, object B with (R − K) AB = 4.66 ± 0.40 mag; GRB 080218B, object A with (R − K) AB = 4.15 ± 0.16 mag; GRB 080602, object C with (R − K) AB > 4.3 mag; GRB 081105, object C with (R−K) AB > 3.5 mag; and GRB 081204, object F with (R − K) AB = 3.1 ± 0.5 mag. Three of them lie within the corresponding 90% c.l. XRT error circle (GRB 080207, 080218B, and 081204), one object lying at 1r 0 (GRB 081105), the other three objects lying within less than 1.5r 0 . All objects have very small p-values based on number counts of EROs on the sky (GonzalezPerez et al. 2009). (4) The last two columns gives the chance probability p of finding a galaxy of the corresponding extinctioncorrected (Vega) R-band magnitude on the sky in a region with the size of the corresponding X-ray error circle with a radius r = XRTpos × r 0 (Eq. 1). Thereby, the first column refers to number counts of galaxies of all kinds. If the object is for sure a star, then no value is given. The second column refers to number counts of EROs only (see Sect. 4.8).
(5) Comment "G" stands for galaxy, "S" for star; if no letter is given then we could not determine if this is a star or a galaxy. (6) In case of GRB 070517, the probability p is based on the distance between the afterglow and galaxy A (1. ′′ 6; Sect. 3.3). GRB 070429A/object D, and GRB 081204/object F are EROs within the large 1σ photometric error (see Table 3 ).
Lyman-dropout candidates
For two of the 17 bursts investigated here (GRBs 050922B and 080727A), we could not find any galaxy inside 2r 0 , where r 0 is the corresponding 90% c.l. XRT error circle radius. We therefore consider the optical afterglows of these events as Lyman dropout candidates, though we cannot rule out very faint hosts at z 5. An additional, but weaker Lyman dropout candidate, is the optical afterglow of GRB 081012. Here we find only one galaxy between 1r 0 and 2r 0 . As we have noted in Sect. 3.3, if we were to consider this as the host, then the offset of the afterglow from the center of this galaxy would be quite large. Therefore, an alternative interpretation would be that the host is not detected in our deep VLT images, i.e. it could be a Lyman drop-out.
Finally, among the seven ERO galaxies discovered in our sample, four have been detected in R, i.e. they are not Lyman drop-outs. On the other hand, these three ERO galaxies with no R-band detection could lie at higher redshifts (GRB 070429A/object D, GRB 080602/object C, and GRB 081105/object C).
We conclude that in our sample we have at best six Lymandropout candidates (∼ 30%), while in all other cases this interpretation is not required 11 . This result is in qualitative agreement with other studies. Perley et al. (2009) concluded that in their uniform sample of 29 Swift bursts observed with the robotic Palomar 60 inch telescope, which contains 14 dark events, at most two bursts could be dark owing to a redshift z > 4.5. Similarily, Greiner et al. (2011) found that the fraction of highz events among 39 dark long-duration GRBs observed with GROND in g ′ r ′ i ′ z ′ JHK s is on the order of 25%; extinction by dust in combination with a modest redshift is the main cause of the optical dimness of these events. Melandri et al. (2012) confirmed this picture using a uniform sample of 58 bright Swift GRBs, among which about one-third were classified as dark. They provided strong arguments that high redshift cannot be the main reason for optically dark events.
Interacting pairs of galaxies as candidates
Since long bursts are related to star formation, their host galaxies could be interacting, morphologically disturbed galaxies, where a starburst was triggered by galaxy-galaxy-interaction (e.g., Fruchter et al. 1999; Chen 2012) . In our images, we find four such potential cases where at least one partner lies inside the 90% c.l. XRT error circle. These are: GRB 070429A, objects B and C (R C band; Fig. 11 ); GRB 080602, objects A and C (K s band ; Fig. 15) ; GRB 080915A, objects C and D (R C and K s band ; Fig. 18) ; as well as GRB 081204, objects B and F (R C and K s band; Fig. 21 ). In addition, object B in the field of GRB 061102 looks morphologically disturbed (Fig. 10) but no other galaxy very close to it is seen in our images.
There are no statistics at hand that could provide chance probability values for finding an interacting pair of galaxies in a randomly chosen area on the sky. Nevertheless, we conclude that the search for an interacting pair could be an effective means of finding GRB host galaxy candidates (see also Wainwright et al. 2007; Chen 2012) . 11 We did not consider the two cases where a galaxy is found to be no closer than 1r 0 from the center of the corresponding error circle (GRBs 060923B and 061102), but the galaxy's outer parts extend to within the 90% c.l. XRT error circle. In other words, here the afterglow could have been placed well inside 1r 0 .
Normal candidates
The fields of five bursts (GRB 050717, GRB 060211A, GRB 060805A, GRB 060919, and GRB 081012) are of particular interest in our sample. In these case, galaxy candidates are seen in the corresponding XRT error circle, at least within 2r 0 , but no EROs are found, nor is there evidence of an interacting pair. We must conclude that if one of these is the host, then it is a normal galaxy, i.e., typical of the host galaxies of non-extinguished GRBs. This agrees with Perley et al. (2009) , who found that in their sample most of the hosts galaxies of dark GRBs do not differ phenomenologically from the hosts of bursts with optically detected afterglows.
A special case is GRB 070517, for which we were able to identify the optical afterglow based on the early observations by Fox et al. (2007) . Here only one object is found within 1r 0 , but this object is offset from the position of the optical afterglow by 1.
′′ 6. If this is the host then a redshift z 0.5 is required in order to avoid a projected offset in kpc which is rather large compared to the observed mean of the GRB offset distribution (Bloom et al. 2002) . This redshift then provides further evidence of a subluminous galaxy (see Sect. 4.6), although no strong constraints on its properties can be obtained.
Redshift estimates
No precise redshifts are known for the galaxies we have found in the XRT error circles; only rough estimates can be obtained. A first approach is the estimation of the photometric redshift by SED fitting using Hyperz. We decided to apply this method only to the objects inside a XRT error circle that are considered to be the GRB host candidates. Since this approach requires a wellsampled optical/NIR SED (Tables 4 and 5) , it was possible to use it in only two cases. For GRB 080602/object A we obtain z = 1.40 +0.30 −0.15 (Fig. 16) . One could then speculate that this is also the redshift of the ERO just 1.
′′ 3 north of A (object C; Fig. 15 ). For GRB 081204/object B, we find z = 1.8 ± 0.3 (Fig. 22) . One can then again speculate that this is also the redshift of the ERO about 1 ′′ northeast of it (object F; Fig. 21 ). A second approach for estimating z is more statistical. In Table A .2, we provide estimated redshifts by assuming that the galaxies have absolute magnitudes of M R = −22, −20, and −18, respectively. The first value is about 1 mag below the most luminous galaxies found in the Las Campanas redshift survey (M R = −23; Lin et al. 1996) . The middle value is approximately the characteristic M ⋆ of the corresponding Schechter r-band luminosity function. The third value roughly corresponds to the absolute magnitude of the Large Magellanic Cloud. By adopting a power-law spectrum for the SED of the form F ν ∝ ν −β , we then calculated the corresponding redshift for two different spectral slopes (β = 0.0 and 1.0). 12 We find that most galaxies would lie at redshifts z < 2 if their luminosity were lower than that of the Milky Way.
Finally, we used the E peak -E iso correlation for long GRBs (Amati 2006) by analyzing the Swift/BAT or Konus-WIND spectrum. Unfortunately, for the majority of the bursts the required spectral information for this analysis is not available. Only in five cases did we obtain results, though they are not tight constraints (Table A.1). In the case of GRB 080207 and GRB 080602, the E peak -E iso relation constrains the redshift to be z > 0.9 (2σ) and z > 1 (2σ), respectively, in agreement with the redshifts found for GRB 080207 (z ∼ 2.2; Hunt et al. 2011 and Sect. 3.3) and GRB 080602 (z ∼ 1.4; Sect. 3.3). Fynbo et al. (2009) shows that at least 39% of optically dim GRB afterglows are dark according to the J04 criterion. In our sample, GRB 070429A, GRB 080207, and GRB 080218B are truly optically dark (Sect. 2.3) and also belong to our small subsample of bursts with extremely red host galaxy candidates (Sect. 4.2). This supports the idea that global dust extinction in their host galaxies was responsible for dimming the afterglow in the optical bands. This holds especially for GRB 080207, for which we can be sure that the host galaxy is object B, thanks to the precise localization of its X-ray afterglow by Chandra.
Host galaxy candidates of truly dark bursts
In the case of GRB 080218B, the host galaxy candidate is visible in the R C -band, constraining its redshift to be 5. For this event, Greiner et al. (2011) found that different pairs of (z, A V ) solutions can explain the non-detection of the optical/NIR afterglow by GROND. For example, for a redshift of 3.5 a host extinction of A host V = 1.5 mag is required. A lower redshift would increase the deduced amount of host extinction even more; however, studies of optically detected afterglows (e.g., Kann et al. 2010) show that these extinction values would be very high compared to the average. Nevertheless, host galaxies with low extinction may be linked to the optical detection of GRB afterglows; more statistics are needed to establish how common high values of extinction really are.
Another ERO, the host candidate D of GRB 070429A that was not detected in R C , lies just on the border of the 90% c.l. XRT error circle. It is a less compelling host candidate because it is also very faint in K s , with a correspondingly large photometric error of 0.4 mag. In this case, there are also two more galaxies within the 90% c.l. error circle. Their (R−K), however, colors are notparticularly red. If the very red galaxy were to be confirmed as an ERO, then our study would indicate that there is a strong link between optically dark GRBs and ERO galaxies.
EROs as an important subpopulation of GRB host galaxies
The seven EROs that we have identified have magnitudes between K AB = 21.5 and 23.0, i.e. K Vega = 19.6 to 21.1 (Table 3) . For these K-band magnitudes, the number density of EROs on the sky is on the order of 1 per 1000 arcsec 2 (Gonzalez-Perez et al. 2009; Hempel et al. 2011; Kim et al. 2011) . 13 Our findings then imply that there is an overdensity of EROs in the XRT error circles that we have studied here. Four of the seven EROs that we have found lie inside their corresponding 90% c.l. XRT error circle. In the remaining three cases (GRBs 060923B, 070429A, and 080602), the ERO lies just close to the border of the 90% c.l. error circle.
Since long GRBs are thought to trace the formation of massive stars (passively evolving ellipticals cannot be their hosts), the results obtained with our study suggest that bursts with optically non-detected afterglows (but with rapid and deep follow-up observations) trace a subpopulation of massive galaxies undergoing violent star formation. This holds for dark bursts in particular: all three bursts investigated here that belong to this class have an ERO within or close to their 90% c.l. XRT error circle (GRB 070429A, GRB 080207, and GRB 080218B). If we consider as dark all GRBs that follow the J04 or V09 criterion (but keeping in mind that this now includes events where the X-ray data are not so easily interpreted, see Sect. 2.3), then we have eight of these GRBs in our sample (Table 2) ; five of them have an ERO within or close to their 90% c.l. error circle (in addition GRBs 080602 and 081204). It should be stressed that, in principle, all GRBs studied here except GRB 070517 (for which we identified the afterglow; Sect. 3.3) could be truly dark bursts according to the criterion from J04 and V09; we just do not have sufficiently deep optical limits to be certain.
Several previous studies have targeted GRBHs (e.g., Le Floc'h et al. 2003; Christensen et al. 2004; Fruchter et al. 2006; Ovaldsen et al. 2007; Svensson et al. 2010; Levesque et al. 2010 and SBG09) . They have focused on the low-redshift regime (up to z ∼ 1.5) and showed that most hosts are subluminous (L < L * ), blue, of low metallicity and with a moderate star formation rate (∼ 1 −10 M ⊙ yr −1 ). However, our results suggest that an infrared-bright subpopulation of very dusty GRBHs exists, which stands out from the main GRB host galaxy population.
Redshift measurements for the EROs that we have identified here are missing in most cases. However, for the ERO related to GRB 080207, a photometric redshift was derived by Hunt et al. (2011) . The observed broad-band SED is indicative of a very luminous (M K ∼ 24.4), infrared-bright galaxy, very different from the sample of GRBHs compiled by SBG09. This host galaxy is similar in color, luminosity, and redshift to the hosts of the dark bursts GRB 020127 ), GRB 030115 , and GRB 080325 (Hashimoto et al. 2010) . There is possibly a bias in the GRB host samples studied so far, which are dominated by host galaxies of optically detected afterglows. This conclusion is supported by recent work on dark bursts observed with GROND , where it is shown that highly extinguished afterglows trace a subpopulation of luminous, massive, metal-rich, and chemically evolved GRBHs that were not previously associated with GRBs.
Summary
Motivated by the non-detection of the optical afterglows of a substantial fraction of Swift bursts with well-observed X-ray afterglows, we have selected 17 of these events with small Swift/XRT error circles (defined by their individual 90% c.l. radius r 0 ) and searched for the potential host galaxies of these bursts using deep multi-color imaging. Our primary telescope was the VLT equipped with FORS1, FORS2, and VIMOS for R C -band imaging and ISAAC and HAWK-I for K s -band imaging. These data were supplemented by observations with the seven-channel imager GROND mounted at the 2.2-m MPG/ESO telescope on La Silla and the infrared imager NEWFIRM mounted at the 4-m Mayall telescope on Kitt Peak. The limiting magnitudes we achieved are deep, at usually R AB = 26.5 and K AB = 23.5 as well as g ′ r ′ i ′ z ′ JHK = 25.5, 25, 24.5, 24, 22.5, 21.5, and 21 for GROND. The latter data include late-time imaging as well as data gained in rapid response mode, where we did not find evidence of a fading afterglow.
We have discovered up to six events, about one-third of our sample, where the corresponding GRB host galaxy could be Lyman dropped out in the R C band. In two cases, we do not see any object within an area of twice the radius of each associated 90% c.l. Swift/XRT error circle down to deep flux limits (GRBs 050922B and 080727A); in one event, there is only one galaxy within 1r 0 and 2r 0 (GRB 081012); and three bursts have a very red galaxy detected only in the K s -band (GRB 070429A/object D, GRB 080602/object C, GRB 081105/object C). These three bursts belong to a subsample of seven bursts for which we found that an ERO, which we recall are defined as having (R − K) AB > 3.5 mag, was the confirmed or likely host galaxy. In particular, all three bursts in our sample that are classified as securely dark according to their observed X-ray flux (following J04 and V09) belong to this group. Even though these are small number statistics, our findings imply that a non-negligible fraction of optically dim bursts may be located in globally dustenshrouded galaxies.
While the (R − K) color of galaxies has emerged as a powerful criterion for identifying host galaxy candidates, we also considered chance-probability constraints based on published number counts of (all types of) galaxies on the sky. In nine bursts, the chance probability p of finding a galaxy of the given R Cband magnitude in the corresponding 90% c.l. XRT error circle is ≤10% (within 1σ), which makes them good host galaxy candidates. In the remaining cases (about 1/2 of our sample), galaxies were identified but they are not special in any way, in terms of either their (R − K) colors, their magnitudes, or their p-values. However, for four bursts, we have discovered possibly interacting galaxies in the XRT error circle, which is potentially a sign of triggered star-formation.
The connection between star-forming activity and dark bursts is even more intriguing for the seven EROs in our sample. This is the most outstanding result of our study. It points to the existence of a subpopulation of GRBHs, characterized by violent star formation, that is missed by host galaxy surveys of bursts with detected optical afterglows. The putative host of GRB 080207 is the most remarkable example ((R − K) AB = 4.66 ± 0.40 mag; Hunt et al. 2011; Svensson et al. 2011) . The possibility that a non-negligible fraction of optically dim bursts are highly dust-enshrouded and possibly submm-bright galaxies makes these bursts interesting cosmological tools for achieving a deeper insight into the optically obscured star-formation history of the Universe (Berger et al. 2003; Tanvir et al. 2004 ). Table A 
